Abstract-The motion characteristics of the diaphragmatic muscle may provide useful information about normal and abnormal diaphragmatic function and indicate diaphragmatic weakness. The objective of this paper was to introduce a simple system for the quantitative analysis of ultrasonic diaphragmatic motion. The measurements routinely carried out by the experts were computed and these include: (i) excursion, (ii) inspiration time (Tinsp) and (iii) cycle duration (Ttot). The system was evaluated on four simulated videos and one real video. Manual and automated measurements were very close. Further work in a larger number of videos is needed for validating the proposed method.
correlation between volume changes estimated by optoelectronic plethysmography (OEP) and diaphragmatic excursion measured by ultrasonography of healthy adults in the supine position was investigated in [6] . A review of the technique and its clinical applications in Intensive Care Unit (ICU) patients was given in [7] . In [8] , a relation of the posterior diaphragmatic excursion and inspired volume as measured by simultaneous ultrasound scanning and waterbath spirometric testing was investigated. Furthermore, in [9] , diaphragmatic movement using B-mode and M-mode ultrasound during spontaneous breathing was evaluated in dyspnoeic patients. All the above studies clearly prescribe the usefulness of ultrasonic diaphragmatic function in clinical applications. However, the need still exists for quantitative analysis, so that subjective bias in diaphragmatic motion measurements can be diminished.
The objective of this study was to develop a simple system for monitoring ultrasonic diaphragmatic displacement and timing and extract the relaxing and contracting states of diaphragmatic motion. Figure 2 summarizes the steps followed in the analysis of ultrasound video for generating the M-mode image and the contracting and relaxing states of diaphragmatic motion.
II. MATERIALS AND METHODS

A. Generation of simulated videos
In order to generate the simulated diaphragmatic videos, the Field II simulation program [10] was used for generating the first frame. The consecutive video frames were generated by introducing motion to the pixels of the diaphragm. Each pixel having a grayscale value above 50 was displaced in the next frame by one pixel in the x-and y-direction. The total displacement for each contraction and relaxation was 18mm (i.e. 68 pixels). The simulated video had a frame size of 512x512 pixels, a spatial resolution of 3.78 pixels/mm, and a frame-rate of 52 frames per second. The following videos were generated: (a) normal displacement without and with speckle noise, and (b) noisy displacement without and with speckle noise. The measurements of diaphragmatic contraction displacement, duration of the contraction and duration of one breath (contraction-relaxation) (as these are also demonstrated in Fig. 1 ) for generating the simulated videos were adopted from [1] , [7] . The simulated videos were generated for three breaths (three full cycles) in total. After the generation of the simulated video a rotation transformation of 45º has been applied so that the movement of the diaphragm is vertical.
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Step 1: Load a diaphragmatic ultrasound (real or simulated) for analysis. Extract video characteristics, i.e. frame rate, number of frames, resolution, etc.
Step 2: Fit the diaphragmatic shape with an ellipse and compute its major and minor axes. Compute the angle between the x-axis and the long axis of the ellipse. Then rotate the diaphragm so that its major axis is perpendicular to the x-axis (see Fig. 3b ).
Step 3: Apply DsFlsmv despeckle filter in all frames (see Fig.  3c ).
Step 4: The first frame of the video is displayed. Draw a preselected number of equal-distance rays' perpendicular to the major diaphragmatic axis (the number could be 1, 4, or 10) (see Fig. 3d ). These rays prescribe the corresponding Mmode image generation (see Fig. 3e ) [11] .
Step 5: Extract both the near and far diaphragmatic boundaries of the M-mode image by applying a semiautomated snake's segmentation algorithm [12] , where user interaction may be allowed if the final boundary requires correction.
Step 6: The state diagram is generated along with the contraction and relaxation frames, minimum and maximum displacements that prescribe the excursion as shown in Fig. 1 .
Step 7: Insert the manual state diagram frames and displacement markings (a task carried out by the expert physician).
Step 8: Compute and display the evaluation metrics between the automated and manual displacement and timing measurements. 
B. Recording of a real diaphragmatic video
One real B-mode ultrasound video of the diaphragm from a male subject at the age of 50 years old with diaphragmatic weakness was acquired using the Philips HD15 U/S scanner at the ICU of the Nicosia General Hospital, Cyprus. The video had duration of 9.97 seconds, a frame size of 600x800 pixels, a spatial resolution of 2.5 pixels/mm and a frame-rate of 46 frames per second. The ICU physician manually identified the relaxation and contraction frames for the simulated and real ultrasound videos. The manual measurements were saved in order to be compared with the automated measurements.
C. Speckle reduction filtering
Due to the presence of speckle noise in ultrasound video, it is difficult to effectively apply different image processing and analysis algorithms. It was recommended in [12] , [13] to remove speckle noise from the B-mode ultrasound videos prior to further analysis. In this study, the linear scaling filter (linear scaling mean variance-DsFlsmv) [13] utilizing the mean and the variance of a pixel neighborhood was used.
The filter was applied in each consecutive video frame. A 5x5 window size and 3 iterations were applied (see Fig. 2,  step 3 ).
D. M-Mode Image generation
A pre-selected number of equal-distance rays perpendicular to the major diaphragmatic axis (the number could be 1, 4, or 10) is drawn (see Fig. 2 step 4 and Fig. 3d ). These rays prescribe the corresponding M-mode image generation (see Fig. 2 step 4 and Fig. 3e ) [11] . The M-mode images were converted to binary, and morphological operators were applied to smooth the edges. Then, edge detection -snakes segmentation -was applied on each Mmode image in order to derive the initial near and far diaphragmatic boundaries (see Fig. 2 step 5 ).
E. Diaphragmatic motion measurements
The average M-mode graph of the prescribed number of rays is generated, and then the diaphragmatic motion measurements as documented in Fig. 1 are computed (see Fig. 2 steps 6-8) . Mark minimum diaphragmatic displacement that indicates diaphragmatic displacement at contraction, and maximum diaphragmatic displacement that indicates maximum diaphragmatic displacement at relaxation. These markings describe the M-mode states during a breathing cycle. The difference between these two displacements gives the excursion. It is noted that the state diagram shown in Fig. 3f has a different polarity than the image in Fig. 3e due to a y-axis reversal.
F. Evaluation metrics
In order to further evaluate our algorithm, the mean absolute error was computed:
where i represents the frame number, A and M represent the automated and manual measurements, and N is the number of points that were extracted. Table I tabulates the diaphragmatic motion automated measurements and error measures for 4 simulated videos and one real diaphragmatic video. Diaphragmatic video analysis was carried out for 3 breathing cycles and the mean±standard deviation (std) of the measures demonstrated in Fig. 1 were computed. The percentage standard error of the mean (%SEM) as a measure of reproducibility was also computed. Moreover, the mean absolute error (MAE) for excursion, Tinsp and Ttot were computed. The values derived for the MAE demonstrate that the manual and automated measurements were very close for the four simulated videos and the abnormal video. Moreover the %SEM values were relatively small for excursion, for the four simulated videos and the abnormal video whereas Tinsp and Ttot were higher for the abnormal video. Furthermore, the speckle corrupted simulated video measurements were very close to the non-corrupted given the despeckle filtering applied.
III. RESULTS
IV. DISCUSSION
The findings on the simulated videos computed in this study are similar with the ones found in [1] - [9] . Specifically, in [1] , the intra-and inter-observer variability were assessed in a large population of healthy adult subjects. It was shown that from 210 volunteers the right diaphragmatic excursion in men and women during quiet breathing were 1.8±0.3 cm and 1.6±0.3 cm respectively. Findings in [2] , suggest that ultrasound imaging measurement is useful to accurately evaluate diaphragm movements during tidal breathing. From a population of 14 participants (9 male and 5 female), using ultrasound, the excursion difference of diaphragm movement was 1.8±0.9 cm. The diaphragmatic mobility and diaphragm excursion are used to provide useful information in other studies. More specifically, Ayoub et al. [3] , demonstrated changes in diaphragmatic mobility after laparoscopic or open cholecystectomy using M-mode imaging for 14 patients. It was found that the diaphragmatic excursion during quiet breathing before surgery was 1.4±0.2 cm. The diaphragmatic inspiration time before laparoscopic and open cholecystectomy was 1.4±0.2 seconds and 1.5±0.3 seconds respectively. In another study, [4] , the authors aimed to validate the use of diaphragm excursion as a measure of lung volume in a cohort of 36 patients referred for pulmonary function tests by whole-body plethysmography. It was found that their diaphragmatic excursion was 1.47±0.41 cm during quiet breathing. In [5] , the relation between diaphragmatic excursion and different inspired volumes with simultaneous ultrasonography and respiratory airflow measurements was assessed. The maximal excursion of the right hemidiaphragm recorded was 6±0.7 cm. The largest inspiratory volume achieved by the subjects was 87±10% of their maximal inspiratory capacity and 90±8% of their relaxed vital capacity. Furthermore, in [6] , it was found that the diaphragmatic excursion of 12 healthy subjects was 1.64±0.64 cm during quiet breathing. In addition, in [14] , they described a method utilizing 2D strain imaging to quantify segmental longitudinal deformation (strain) of the right diaphragm using specially designed software for tracking cardiac motion. From a population of 21 healthy volunteers, they measured the mean quiet and forced diaphragm excursion values which were 1.55±0.06 cm and 5.92±0.18 cm, respectively. Finally, in [7] similar findings were reported as in [1] and the duration of an inspiration was 1.6 seconds and duration of a breath cycle was 4.5 seconds. It should be noted that a direct comparison of this study with the studies presented above cannot be made directly as only the diaphragmatic excursion was measured in those studies.
V. CONCLUDING REMARKS
The objective of this paper was to introduce a simple system for the quantitative analysis of ultrasonic diaphragmatic motion. The measurements routinely carried out by the experts were computed and these include: excursion, inspiration time and cycle duration. The system was evaluated on four simulated videos and one real video. Manual and automated measurements were very close, however further work in a larger number of videos is needed for validating the proposed method.
